This numerical study investigates hydraulic fracturing and induced seismicity in intact and fractured reservoirs under anisotropic in situ stress using hydro-mechanical coupled discrete particles joints model. A 2 km 2 km reservoir model with granitic rock and joints properties is constructed. Various injection scenarios are tested which involve continuous and cyclic styles of pressure controlled and flow rate controlled injections. Results are compared which include: spatial and temporal evolution of induced seismic events in relation with fluid pressure distribution, moment magnitudes of the induced events, occurrence of post-shut-in large magnitude events, etc. Several field observations on induced seismicity phenomena are simulated which include creation of new fractures, reactivation of the pre-existing joints, post-shut-in seismicity and large magnitude event with non-double-couple source, Kaiser phenomenon, moment magnitude vs. frequency distribution of the induced events following the Gutenberg-Richter law, etc. Cyclic injection results in larger volume of injected fluid but less number of total events and larger magnitude events; hence less seismic energy radiated by the induced events, slower relaxation of the fluid pressure after shut-in, longer and thinner propagated fractures with larger fluid saturated area. The major conclusions of this study are that the presented modeling is capable of simulating induced seismicity phenomena in Enhanced Geothermal System and fluid injection in fractured reservoirs in cyclic way has potential in mitigating the effects of larger magnitude induced events.
Introduction
Developing an Enhanced Geothermal System (EGS) in deep reservoir requires creation of highly permeable heat exchanger which is usually achieved by fluid injection that results in combination of propagation of new fractures (hydrofracturing) and induced slip on pre-existing fractures (hydroshearing) referred to as Mixed-Mechanism stimulation (MMS, McClure and Horne, 2013) . Fluid injection causes stress field changes and re-activation of the pre-existing joints and slip of nearby faults which consequently can result in larger magnitude events, e.g. local magnitude of 3.4 event in Basel EGS operation (Kraft et al., 2009) . These largest events tend to occur on the fringes, outside the "main cloud" of seismicity and are often observed after well shut-in, making them difficult to control (Mukuhira et al., 2013) . The need for developing a solid understanding of the processes underlying the occurrence of post-shut-in seismicity has become an important issue world-wide (Majer et al., 2007) . Such phenomena have led to development of numerical tools that are able to simulate fluid injection in rock mass and interactions between injected fluid, rock mass and joints, creation of new fractures and reactivation of pre-existing joints. Appropriate measure for mitigating the effects of large magnitude events and optimizing EGS can be established after reliability of the numerical tools is validated.
In this context, this paper introduces hydro-mechanical coupled discrete particles joints model applied to simulation of hydraulic fracturing and induced seismicity in synthetic reservoirs. Particle Flow Code 2D (PFC 2D ) (Itasca, 2008) with additionally implemented fluid flow algorithm and seismicity computation algorithm is used. Similar studies have been conducted using PFC 2D by , Al-Busaidi et al. (2005) , Yoon and Jeon (2009) , Zhao and Young (2011) , Shimizu et al. (2011, but not using PFC 2D ). simulated a fluid injection test conducted in granitic rock at Soultz-sous-Forêts, France. Al- Busaidi et al. (2005) investigated the initiation and propagation of hydrofractures and the resulting seismic output, by comparing the results from lab-scale model simulation with the laboratory experiments. Yoon and Jeon (2009) performed numerical modeling of fracturing processes in rocks induced by blast loading. Zhao and Young (2011) investigated interaction between hydraulic fracture and single natural joint. Shimizu et al. (2011) conducted a series of simulations for hydraulic fracturing in competent rock and investigated the influence of the fluid viscosity and the particle size distribution. This paper presents various fluid injection schemes tested in two different reservoir models -intact and naturally fractured -that have granitic properties. Results are compared which include: (1) spatial and temporal evolution of the induced seismic events in relation with fluid pressure distribu-tion, (2) moment magnitudes of the induced events, (3) occurrence of post-shut-in large magnitude events, etc. Main objectives of this numerical study are (i) to examine if the presented numerical method is capable of reproducing the typically observed induced seismicity phenomena in EGS and (ii) to test two injection schemes -continuous and cyclic injections -and to see how the induced event clouds differ in terms of number of induced events, magnitude distribution, post-shut-in seismicity, occurrence of induced events in relation to fluid pressure distribution in intact and fractured reservoirs, etc. and finally (iii) to provide insights for how one can make use of soft stimulation to mitigate the effects of large magnitude induced seismicity and at the same time optimize the reservoir.
Methodology

Particle Flow Code 2D (PFC 2D )
PFC 2D is a two-dimensional distinct element geomechanical modeling software (Itasca, 2008) . The material simulated, in this case a reservoir rock mass, is modeled as an aggregate of circular particles bonded at their contacting points with finite thickness of cementing around the contact with the Mohr-Coulomb strength parameters (Table 1 , Itasca, 2012 -enhanced parallel bond model). Under an applied load, the bonds can break in Mode I (tensile) or Mode II (shear). The calculation cycle in PFC 2D is a time stepping algorithm that requires repeated application of the law of motion applied to each particle and a linear force displacement law applied to each contact (Fig. 1) . For more detail, we refer to Potyondy and Cundall (2004) .
Fluid flow algorithm
Flow of viscous fluid in bonded particle assembly and fluid pressure and volume driven breakages of bonds in Mode I and Mode II are simulated. Original concept of fluid flow algorithm is proposed by Cundall (unpublished technical note, 2000) , which was later modified by .
Fluid flow is simulated by assuming that each particle bonded contact is a flow channel (Fig. 2 , blue lines) and these channels connect up pore spaces (Fig. 2, polygons) that can store pressure. Pressure driven flow of viscous fluid between the two pore spaces is governed by Cubic law (Table 1) assuming that the flow is laminar between two smooth parallel plates.
where, is hydraulic aperture, ∆ is fluid pressure difference between the two neighboring pores, is flow channel length, is fluid dynamic viscosity (Table 1) . Hydraulic aperture , of the flow channel at a particle contact (Fig. 2 , blue lines) changes as a function of normal stress, . We used experimentally derived vs. n relation from Hökmark et al. (2010). exp 0.15 ( 2 ) where, is hydraulic aperture at infinite normal stress, is hydraulic aperture at zero normal stress, is effective normal stress at the particle contact.
Fluid pressure increase per time step in a pore space (∆ , Fig. 2 ) is computed from the fluid bulk modulus ( ), volume of pore space ( ), sum of flow volume ( , entering and leaving the pore space) and volume change of pore space (∆ ) due to mechanical loading, which is neglected in this study due to its minor effect. The equation used is shown below.
The fluid exerts pressure on the surrounding particles causing deformations. This force term ( ) is a production of fluid pressure ( ), the length ( Fig. 2 ) and unit thickness (1 m) in out-of-plane direction. The resulting force term ( ) is then applied to the particles from which law of motion computes the particle velocity and displacement which subsequently changes the stress states at the surrounding contacts which in turn changes the hydraulic aperture and thereby flow field. Using the bonded particle assembly and the fluid flow algorithm, we constructed a 2D reservoir model which is assumed to be naturally fractured and located at deep depth ( Fig. 3a) and subjected to differential in situ stresses. Pore network model. Flow channels (blue lines at the particle contacts) are connecting two neighboring pore spaces bounded by polygons. Black dots at the polygon centers are virtual pores where pressure ( ) is stored. Red arrows are resultant forces applied to the particles surrounding the pore space due to the pore fluid pressure .
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Representation of in situ discrete pre-existing joints
Classical way of representing joints in assemblies of bonded particles is to debond contacts along a line or plane and to assign low strength and stiffness microproperties (Kulatilake et al., 2001; Park et al., 2004; Zhao and Young, 2011) . This way of representing joints is problematic due to the inherent roughness of the surface, i.e. very low friction assigned to the contacts does not lead to realistic sliding due to the roughness or asperity induced by the circular particles.
We used, in this study, smooth joint contact model (Mars Ivars et al., 2008) to mimic the in situ joint fabric (Fig. 3a) . By using smooth joint contact model some of limitations of the earlier work are overcome. By bounding angular blocks of bonded particle with smooth rather than bumpy boundaries, it is possible to more accurately model the role of block angularity and interlocking on rock mass strength and brittleness (Mars Ivars, 2010) .
For the in situ joint fabric, three sets of joints are stochastically generated from the uniform distributions for the orientation and the length (Table 1) . Three sets of joints are generated of which major orientations are taken from Baria et al. (1999) and Gentier et al. (2010) . Length scales and numbers of joints per set are arbitrarily determined. The generated joint fabric is then overlaid on to the bonded particle assembly. Those particle contacts which were assigned with parallel bonds and located along the joint fabric are switched to smooth joint contacts (Fig. 3b) and assigned with mechanical properties that are listed in Table 1 .
Seismicity computation
Each bond breakage in the bonded particle assembly is assumed to be a fracture process associated with seismic energy radiation. PFC 2D runs in dynamic mode with low levels of numerical damping where a realistic level of energy attenuation in rock is simulated. For simulating the realistic level of energy attenuation we use the seismic quality factor 140 (Michelet and Toksöz, 2005) which is then converted to a local damping coefficient ( 2 ⁄ ) assigned to the particles. Upon a bond breakage by Mode I or Mode II, part of accumulated strain energy at the broken bond is released to the surrounding in a form of seismic wave. A numerical technique for calculating the seismic source information in PFC 2D has been proposed by Young (2002, 2004) and used in ), Al-Busaidi et al. (2005 , Zhao and Young (2011 ), Yoon et al. (2012 and Zang et al. (2013) .
In this study, a link was made in the algorithm to compute seismic source parameters of the Mode I (tensile) and Mode II (shear) failures at the pre-existing joints, i.e. breakages of smooth joint bonds. Currently, seismic source parameters are obtained only for bond breakage by Mode I (Fig. 4a ) and Mode II (Fig. 4b) and not for the subsequent sliding after shear bond breakage, i.e. silent frictional slip. Ongoing research aims at computing the seismic moment and moment magnitude of the frictional sliding event at the smooth joint contact that is broken by shear. This is necessary as energy can be released also by slip (Marone, 1998) . Large number of relatively lower magnitude events caused by slipping can result in more exponential distribution of the magnitude-frequency relation similar to the Gutenberg-Richter law.
For each bond breakage, the moment tensor is calculated for each time step over the duration of the event. The duration of an event is determined by assuming that a shear fracture propagates at half the shear wave velocity (3500 m/s in Table 1) of the rock to the edge of the source area (one particle diameter). If another crack forms adjacent to the active crack such that the source area overlap within the duration of the event, then the cracks are considered part of the same event, i.e. two cracks but one event. This approach is thought to be a realistic assumption as it is known that most seismic events in the field are made up of many smaller scale ruptures and shearing of asperities (Scholz, 1990) and that fractures generally grow at some finite velocity (Madariaga, 1976) . This is the reason why the total number of induced events differs from the total number of cracks (bond breakages), i.e. sum of Mode I and Mode II bond breakages of rock and joint (Table 2) .
Ongoing research aims at simulating temporal and spatial change in S-wave velocity for the seismicity computation algorithm. This approach may be necessary as the S-wave velocity of an undisturbed geothermal reservoir (before stimulation) can change significantly as the fluid is injected and induces fractures which serve as barriers for S-wave propagation.
The moment tensor of each event is then decomposed into isotropic and deviatoric parts and their respective percentage is quantified as:
where, is the moment tensor trace and * are the deviatoric eigenvalues. The ratio varies from 100 (explosion) to −100 (implosion), and 0 indicates a pure shear failure mechanism. In this study, events are considered 'tensile' if the value is greater than 30%, 'implosion' if it is smaller than −30% and 'shear' for a value ranging from −30% to +30% (Feignier and Young, 1992) . In addition to the source mechanisms, seismic radiated energy of the induced events is computed using the equation by Gutenberg and Richter (1956) as a function of moment magnitude : log 4.8 1.5 (5)
Modeling procedure
Model description and parameters
The reservoir model is 2 km 2 km in size (Fig. 3b) . Diameters of particles to pack the given space are in range between 20 and 30 m, resulting in ca. 7500 particles. The diameter range chosen is comparable to that used in a similar study by Hazzard et al. (2002, average Table 1 .
There are no specific hydraulic properties assigned to the smooth joint contacts, i.e. pre-existing joints. However, relatively large hydraulic apertures ( in Table 1 ) are assigned for those contacts which are broken while applying the initial in situ stresses. Such pre-damaged and isolated cracks serve as non-persistent pre-existing joints with high permeability. After model is constructed and discrete joints are embedded, the model is com-pressed to achieve internal principal stresses 75 MPa and 60 MPa as in situ stresses. The model is assumed to be at 4 km depth ( ), using the stressdepth relation at Soultz from Rummel and Baumgartner (1991) , which are equations 1b and 1c in Cornet et al. (2007) .
Along and near the boundaries, 150 m thick region (shaded region, Fig. 3b ) is assigned with high viscous damping properties in both normal and shear directions to simulate energy absorption and minimize wave reflection. This is to exclude any side effects on bond breakages coming from the kinetic seismic wave emanating from an induced bond breakage propagating outward and bouncing back when the wave is reflected at the boundary. Onset of Mode I and Mode II fractures of intact rock (enhanced parallel bond model) and preexisting joint (smooth joint model) are governed by MohrCoulomb failure criterion (e.g. Labuz and Zang, 2012) where the parameters are listed in Table 1 and shown in Fig. 5 . Normal stress vs. shear stress at the parallel bonds and the smooth joint bonds after the in situ stresses are installed are plotted by (x) and (+) symbols. The (+) symbols scattered above the Mohr-Coulomb failure envelop for the pre-existing joint represents the failed smooth joint bonds while applying the in situ stresses. Although we did not attempt to model the real Soultz-sousForêts stimulation case, the model parameters in particular for the intact rock strength properties are chosen such that they are approximately consistent with parameters observed for the Soultz granite.
Fracture breakdown pressure is estimated using the Haimson-Fairhurst equation (Zang and Stephansson, 2010) , where the denominator is back-calculated from the injection pressure p HF at the onset of near injection point induced events. The denominator approaches 2 for low-permeable hard rock, 1 for porous sedimentary rock. The denominator chosen (Table 1, 1.44) represents the porous nature of the model reservoir although the strength parameters ( : tensile strength, : cohesion, : friction angle) resemble those of hard crystalline rock.
Modeling scenarios
For fixed in situ stresses ( = 75 and = 60 MPa), intact and naturally fractured reservoirs are tested with four different types of injection schemes: (1) monotonic increase of fluid pressure at the injection point (Figs. 6a and 11a), (2) cyclic increase of fluid pressure but lowered to 5 MPa between the cycles (Figs. 6b and 11b), (3) cyclic increase of fluid pressure but lowered to 35 MPa between the cycles (Figs. 6c and 11c), (4) pulse like increase of fluid pressure to 250 MPa ( Fig. 16a and b) and decays. Except the pulse type injection, the fluid pressure at the injection point ( ) is designed to reach 75 MPa within a short time and gradually increase to 95 MPa (Figs. 6a and 11a). Shut-in is simulated by reducing the with time using negative exponential function. The pressure level at the first deflection point (75 MPa) is chosen as it is slightly larger than the sum of minimum horizontal stress ( ) and rock tensile strength , i.e. 60 + 11.5 ± 1.5 = 70-73 MPa. The chosen 95 MPa is higher than the estimated FBP (80-85 MPa), so to propagate the fracture further into the reservoir. The gradually increasing at the injection point from 75 MPa to 95 MPa over 24 h represent an ideal case where the injection pressure is precisely controlled.
Two additional models are presented, where the fractured reservoir is subjected to two different types of flow rate controlled injections: (1) sequential increase of flow rate in three steps (10, 12.5, 15 l/s), (2) cyclic increase of flow rate in five cycles (5, 7.5, 10, 12.5, 15 l/s). In total, ten fluid injection scenarios are presented. Results of the pressure controlled fluid injections in intact and fractured reservoirs are presented in Sections 4.1 and 4.2, respectively. Pulse type pressure increase is discussed in Section 4.3. Section 4.4 deals with flow rate controlled injection.
Modeling results
Model results are summarized in Table 2: (1) total number of the induced events, (2) number of parallel bond breakages (rock failure) in Mode I (tensile) and in Mode II (shear), (3) number of smooth joint bond breakages (joint failure) in Mode I (tensile) and in Mode II (shear), (4) number of pre-shut-in and post-shut-in induced events, (5) percentage of number of pre-and post-shut-in induced events, (6) average of moment magnitude of the pre-and post-shut-in induced events, (7) information of the three largest magnitude events: moment magnitude , value of the moment tensor and the source mechanisms (T: tensile, S: shear, I: implosion) and the period when it occurred (pre-or post-shut-in), (8) range of moment magnitude of the induced events, (9) total seismic radiated energy , (10) average moment magnitude and (11) standard deviation of the moment magnitude of the induced events. For the flow rate controlled simulations, following information is additionally provided: (1) maximum fluid pressure , (2) total volume of fluid injected, (3) number of induced events of which is larger than 0.9 and their populations during pre-and post-shut-in periods. Two figures for each tested scenario are provided showing the distributions of the fluid pressure at the selected times. Blue and red contours are the iso-lines where the fluid pressure is 0.1 MPa and 70 MPa, which represent the fluid migration front and the high fluid pressurized zone, respectively. Fig. 6 shows the modeling data: simulated fluid pressure ( ) at the injection point, moment magnitudes and seismic radiated energy of the induced events in the intact reservoirs subjected to (a) monotonically increasing (referred to hereafter as 'Monotonic injection'), (b) cyclically increasing but lowered to 5 MPa between the cycles (referred to hereafter as 'Cyclic 5 MPa residual injection') and (c) cyclically increasing but lowered to 35 MPa between the cycles (referred to hereafter as 'Cyclic 35 MPa residual injection'). Fig. 6a shows that intense fracturing starts at 10 h when the approaches FBP (gray horizontal bar). Moment magnitudes of the induced events are all under 0.6. Compared to the pre-shut-in events, of the post-shut-in events are lower. The three largest events all occurred in the pre-shut-in period (black stars in Fig. 6a ). Fracturing process is documented in Fig. 7a for the pre-shut-in events and Fig. 7b for the post-shut-in events. Color represents the time of occurrence. Two contours are drawn for the fluid pressure which indicate 70 MPa and 0.1 MPa for the red and the blue lines, respectively, at the indicated times. Inner region of the red contour implies high fluid pressure (>70 MPa) area, whereas outer region of the blue contour implies low fluid pressure (<0.1 MPa) area.
Stimulation of intact reservoir -pressure controlled injection
Monotonic injection
In general, hydraulically driven fracture grows in NS direction (parallel to ). However, the fracture propagation pattern is not symmetric and shows longer propagated path to S than to N. Such asymmetric fracture growth is due to heterogeneity nature of the discrete element model, i.e. randomly chosen particle size hence packing fabric and non-uniform bond strength parameters. In the spatio-temporal distributions of the pre-and the post-shut-in events ( Fig. 7a and b) , the three largest magnitude events are marked by black stars.
Cyclic 5 MPa residual injection
Fluid pressure curve is changed to cyclic style where pressure increase and decrease is repeated in seven cycles until it reaches 95 MPa then decays. Between the cycles, is lowered to 5 MPa (Fig. 6b) . Such repeated increasing and decreasing of represents a reservoir stimulation operation with fluid injection followed by massive withdrawal so that the fluid pressure at the injection point returns to the initial pressure level. Unlike in monotonic injection, events are occurring at ca. 17 h, which might be due to insufficient duration time where the fluid pressure is maintained at high levels. Fracture pattern is documented in Fig. 8 . During stimulation, repeated pressurizing and depressurizing results in anisotropic shape of the induced event cloud longer in direction. After shut-in, however, fracture significantly grows in NS with slight deviation (5-10°). 
Cyclic 35 MPa residual injection
Cyclic style of injection is further changed so that the decreases to 35 MPa between the cycles. Similar to the previous scenario, cyclic 35 MPa residual injection represents a stimulation operation with fluid injection followed by partial withdrawal. Unlike in the previous case, total number of induced events is much less ( = 67, previously = 357). From  Fig. 9 , the extent of the fracture propagated length (ca. 500 m in NS) is less than half of the total length in the previous case (ca. 1600 m in NS). Both cyclic injection schemes resulted in more post-shut-in induced events. However, cyclic 5 MPa residual injection resulted in significantly larger amount of the post-shut-in events. This difference might be due to the larger difference between the high and low levels of fluid pressure applied at the injection point. It is interpreted that the cyclic injection is similar to fatigue loading and the 5 MPa residual injection represents high amplitude fatigue. It is interpreted that the strength of a material subjected to high amplitude fatigue loading is significantly reduced, compared to low amplitude fatigue loading (35 MPa residual injection).
Distributions of the of the induced events from the three scenarios are shown in Fig. 10 . In general, the histograms follow Gaussian distribution. Closer resemblance to the exponential distribution can be achieved when the seismicity algorithm is expanded to compute the moment magnitudes of the slipping events. Moment magnitudes vs. cumulative frequency relations of the induced events show similar patterns to the Gutenberg-Richter law. Fig. 11 shows the modeling results: simulated fluid pressure ( ) at the injection point, moment magnitudes and seismic radiated energy of the induced events, in the fractured reservoir subjected to (a) monotonic injection, (b) cyclic 5 MPa residual injection, and (c) cyclic 35 MPa residual injection. Fig. 11a shows that the induced events occur at ca. 5 h, earlier than in intact reservoir case. This is due to the presence and failure (re-activation) of the pre-existing joints that have much lower strength than the intact rock matrix strength.
Stimulation of fractured reservoir -pressure controlled injection
Monotonic injection
Intense fracturing begins at 15 h. Average magnitudes of the pre-shut-in and the post-shut-in events are 0.11 ( = 201) and 0.14 ( = 288), respectively. Unlike in the intact reservoir case (Fig. 6a) , the three largest events with 0.9 occurred in the post-shut-in period. Fracturing process is documented in Fig. 12a for the pre-shut-in events and Fig. 12b for the postshut-in events. During stimulation, dominating fracturing mechanism is Mode I tensile fractures of the intact rock that propagated in NE-SW (Table 2, = 469 for tensile cracks, = 33 for shear cracks). As the propagating fracture tip approaches the zone of dense pre-existing joints, it results in Mode II shear failure of the pre-existing joints, i.e. reactivation of the pre-existing joints (Table 2, = 0 for tensile cracks, = 32 for shear cracks). Moment magnitudes of the three largest post-shut-in events are 1.06, 1.03 and 0.96. Source mechanisms of the three largest magnitude events are determined as implosion (1.06), shear (1.03) and tensile (0.96). This result is contrary to what is usually believed in seismology that most of the large magnitude events have shearing (double-couple) mechanism. Fig. 12b shows that the post-shut-in large magnitude events occurred at the outer-rim of the event cloud generated in the pre-shut-in period. Frac- ture propagates sub-vertically, i.e. NNE-SSW, which is slightly deviated from the direction due to the presence of the preexisting joints. The extent of fracture propagation length in NE-SW is similar.
Cyclic 5 MPa residual injection
Same as earlier, curve is changed to cyclic style where pressure increase and decrease is repeated in seven cycles until it reaches 95 MPa then decays. Between the cycles, is lowered to 5 MPa. Unlike in monotonic injection (Fig. 11a) where the events are induced in the entire time range, almost all induced events occurred during time interval between 10 and 40 h. Induced event cloud in the pre-shut-in period shows longer extent in NS (Fig. 13a) . Moreover there are many induced events at the pre-existing joints and far outside of the 0.1 MPa fluid pressure contour. This implies that the reactivation of the pre-existing joints can take place by smaller pore fluid pressure perturbation (<0.1 MPa). Spatio-temporal distribution of the post-shut-in induced events is plotted in Fig. 13b . Events are induced at the outer-rim of the pre-shut-in event cloud, not at the NS tips but EW of the event cloud. This results in overall isotropic shape of the event cloud. The three largest events are 0.97, 0.90 and 0.89, marked by black stars (Fig. 13a) . Kaiser effect is observed at the 5th-7th cycles where events are induced when the exceeds the previous maximum pressure level and even after the falls to 5 MPa. This is due to that has far exceeded the FBP and the reservoir already entered into uncontrollable state.
Cyclic 35 MPa residual injection
Cyclic style of injection is changed so that is maintained at 35 MPa between the cycles. Similar to previous scenario, Kaiser effect is observed at the 5th-7th cycles where events are induced when the exceeds the previous maximum pressure level. Dense event cloud is formed during 25-30 h (Fig.  11c) . The simulation is stopped at 45 h, as numerical error (divergence problem) occurred. Three largest events ( = 1.80, 1.54, 1.29) all occurred in the post-shut-in period and are located within the 0.1 MPa fluid pressure contour and at densely jointed area (Fig. 14b) .
Distributions of the moment magnitudes of all the induced events from the three tested scenarios are shown in Fig. 15 . Similar to the intact reservoirs, the histograms follow Gaussian distribution. Moment magnitude vs. cumulative frequency relations show similar pattern to the Gutenberg-Richter law. Least square of maximum likelihood methods can be applied to determine the Gutenberg-Richter law parameters, e.g. -value. Seismic moment and moment magnitude depend on the particle size. However, the minimum simulated are all different. This implies that the statistics are not biased due to the particle size, but depends solely on the failure mechanisms and amount of strain energy released at the bond failure.
Stimulation of intact and fractured reservoirs under pulse type fluid injection
Unlike in previous scenarios, this section deals with stimulation of reservoir using pulse type fluid injection, i.e.
increases rapidly beyond the FBP. Fig. 16 shows the simulated curve, radiated seismic energy and the moment magnitudes of the induced events with respect to time in (a) the intact reservoir and in (b) the fractured reservoir.
The largest magnitude event ( = 2.28) occurred with 0.62 h delay from the time of peak . No seismicity is observed after 2.5 h (Fig. 16a ). Fig. 17a shows the spatiotemporal distribution of the induced events in the intact reservoir. Color represents the occurrence time of the events, i.e. early events in red and late events in blue. Three contours are provided which show the 0.1 MPa fluid pressure distributions at the indicated times (1, 3, 6 h). The figure indicates that the event cloud emerges at the model center and grows in isotropic pattern. Red events are concentrated at the model center (occurrence time: 0-1 h) followed by orange events (occurrence time: 1-2 h). Fractured reservoir behaves more or less in same manner, which are (i) occurrence of the largest magnitude events with hypocenters near the injection point with some delay time from the peak , (ii) isotropic growth pattern of the induced event cloud, and (iii) occurrences of the induced events ahead of the 0.1 MPa fluid pressure contour. However, locations of the induced events during 1-2 h (orange colored) extend much further from the injection point. These events are induced mostly by the elastic wave generated by the pulse like pressure increase rather than by the increased fluid pressure. Several events induced during 4-7 h (light blue, blue, and purple colored) occurred within the fluid pressure contours. These events are induced by the increased fluid pressure. Event occurrence lasts longer than in the intact reservoir as migration of the pressurized fluid causes re-activation of the pre-existing joints. This is different from the models presented in Sections 4.1 and 4.2, where the location of event occurrence is mostly confined within the 0.1 MPa fluid pressure contours.
Under pulse type fluid pressure injection, occurrence of the induced events ahead of the fluid pressure contours (fore front induced events, FFIE) is more pronounced. This is due to the elastic wave generated by the pulse pressurizing at the injection and travels faster than the speed of fluid migration. More FFIE are observed in the fractured reservoir (Fig. 17b ) than in the intact reservoir (Fig. 17a) , as they are mostly reactivation of the pre-existing joints.
The moment magnitudes of the largest events in both models are above 2, which are far greater than the average magnitude ( Table 2 ). The source mechanisms of these events are all implosion. This implies that when such pulse type injection is applied to a reservoir as a stimulation treatment, it may act like a detonation and the elastic wave generated by the pulse can cause pore collapses which are then documented as Figure 13 . Spatio-temporal distribution of the induced seismic events in fractured reservoir during (a) pre-shut-in and (b) post-shut-in, resulting from cyclic 5 MPa residual injection (Fig. 11b) implosion source events. In the intact reservoir, the source mechanism of the second and the third largest events are tensile. This implies that the rock mass which was heavily compressed by the pulse tends to expand rapidly, which then results in tensile events.
These two simulations show that the pulse type fluid injection may not be desirable for developing an EGS in both intact and naturally fractured reservoirs, as it tends to result in (i) induced events with far above the average level (Table 2) , which is potentially a threat to the environment and (ii) relatively small and isotropic pattern of induced event cloud under anisotropic in situ stress condition, and (iii) large magnitude events with implosion source (pore collapsing) which may result in reduction of reservoir permeability.
Flow rate controlled fluid injection
This section deals with flow rate controlled fluid injection into a fractured reservoir. Two types of injection scenarios are tested: (1) sequentially increasing flow rate in three steps, (2) cyclically increasing flow rate. Fig. 18 shows the flow rate increase in three steps (10, 12.5, 15 l/s) maintained for 2 h each, at the injection point, seismic radiated energy and moment magnitudes of the induced events. Comparing with typical field observation, a few similarities are found: (1) instantaneous increase of the with flow rate increase, (2) instantaneous drop of fluid pressure with event occurrence, (3) decreasing fluid pressure at the onset of shut-in, (4) less frequent event occurrence rate in the post-shut-in period, and (5) large magnitude events in the post-shut-in period.
Sequentially increasing rate injection
The applied rates of injection are low compared to actual rates of injection applied in Soultz EGS, e.g. 30-50 l/s (Cuenot et al., 2008) . As mentioned earlier, we did not attempt to model the real Soultz-sous-Forêts stimulation case. However, we adopted the injection style where the injection rate is increased step-wise. Ongoing research aims at simulating the actual injection rates in 3D model calibrated against the Soultz EGS. Spatio-temporal distributions of the induced events are plotted in Fig. 19a and b for the pre-and the post-shut-in events, respectively. Color indicates the time of occurrence, i.e. early events in red and late event in blue. Fracture initiates near the injection point and propagates mostly downward and turn its direction from SW to SE. Most of the events are confined within the fluid pressure distribution contour indicating that the major driving force for the event occurrence is the increased fluid pressure. However, a few events occurred outside of the fluid pressure contour. These events are mostly at the pre-existing joints and indicate that re-activation of the pre-existing joints can occur by small perturbation (<0.1 MPa) of the fluid pressure.
Post-shut-in events are plotted in Fig. 19b . The events are induced by migration of the pressurized fluid. Events occurred during 6-9.5 h (red and orange colored) are widely distributed and mostly at the pre-existing joints. The time range between 6 and 9.5 h is where the at the time of shut-in (120 MPa) decreased rapidly to 50 MPa. Such rapid relaxation caused shock in the reservoir and resulted in many events induced at the pre-existing joints that are even far away from the injection point. Gray stars are the induced events with the 0.9, which occurred within and at outer-rim of the event cloud and far away from the injection point but at the preexisting joints. The results agree well with the field observations made by Mukuhira et al. (2013) on Basel EGS induced seismicity cloud. They observed that the large events during the stimulation and just after bleeding off had hypocenters within the seismic event cloud while the large events that occurred long after shut-in were located outside of the seismic event cloud.
Cyclically increasing rate injection
Flow rate is increased cyclically from 5 l/s to 15 l/s divided into 5 cycles with 1 l/s of flow rate maintained between the cycles (Fig. 20a) . In this scenario, after the injection rate is increased in each cycle, Kaiser effect is observed. It is manifested when the fluid pressure exceeds previous maximum pressure after the injection rate is increased. The times when the exceeds the previous maximum in each cycle and the events occurred are indicated by the red triangles at the upper abscissa of Fig. 20a . It should be noted that there is a delay in increase when the injection rate is increased. This amount of delay time corresponds to the travel time of the fluid from the injection point to the tips of the propagated fractures. Unlike the previous injection scenario, the fluid pressure curve shows slow relaxation after shut-in, i.e. time taken for lowering the from 113 MPa to 50 MPa is ca. 8 h. During this time range (14-22 h) only 41 events are induced which is 17% of the number of induced events in the previous scenario. This implies that controlling the speed of fluid pressure relaxation in the post-shut-in period can play a significant role in mitigating the effects of large magnitude induced events.
Spatio-temporal distributions of the induced events are plotted in Fig. 21a and b for the pre-and the post-shut-in events, respectively. Color represents the time of occurrence, i.e. early events in red and late event in blue. Fracture starts at the injection point (red events) and propagates downward in SE. It stops then two branching fractures are developed and propagated in NE and SSW directions, toward the pre-existing joints. This is due to the insufficient energy to propagate the fracture further into the intact rock. Instead, the two branching fractures are formed toward the pre-existing joints. Post-shut-in events are plotted in Fig. 21b . Compared to the previous scenario, the events with 0.9 occurred near the injection point. The two large magnitude events in the pre-shut-in period (near coordinate 450, 50) are also observed in the previous scenario. However, unlike in the previous scenario, these two events are induced during stimulation.
Distributions of the moment magnitudes of all the induced events from the two tested scenarios are shown in Fig. 22 . Similar to Figs. 10 and 15, the histograms follow Gaussian distribution and the moment magnitude vs. cumulative frequency relations are similar to the Gutenberg-Richter law.
Comparing the two injection scenarios, it shows that the cyclic injection results in (Table 2 ): (i) larger volume of injected fluid (270 m 3 vs. 374 m 3 ), (ii) slower relaxation of the fluid pressure after shut-in (3.5 h vs. 8 h to lower the peak at the time of shut-in to 50 MPa), (iii) less number of total events (468 vs. 258) and larger magnitude events (8 vs. 4 of 0.9), (iv) less portion of the post-shut-in induced events (71% vs. 25%), (v) larger fluid saturated area. The results imply that the cyclic stimulation treatment shows potential in mitigating the effects of larger magnitude events. However, how much the reservoir permeability can be enhanced should be further investigated, and advances are being made regarding this issue .
Discussion
There are a few issues which require discussion. First question is why the intact reservoir under cyclic 5 MPa residual injection produced induced events mostly in the post-shut-in period (Fig. 6b) , i.e. even when is decreasing. This is thought to be a consequence of many times of repeated pressurizing and depressurizing (down to 5 MPa), which may have acted as a fatigue loading. This implies that when creating/optimizing an EGS in reservoir rock mass which is intact or with relatively low density and low persistent joints, performing repeated pressuring-depressurizing at the injection point may be desirable. However the pressure level between the cycles should be properly chosen as cyclic 35 MPa residual injection produces shorter fracture propagation length (Fig. 9) .
Second question raised is, on the contrary, then why the fractured reservoir under same cyclic injection exhibited less anisotropic event cloud (Fig. 13) . One possible reason can be that a large portion of the energy given to the reservoir by the repeated pressurizing-depressurizing at the injection point is consumed by silent sliding at the pre-existing joints. Therefore, when creating an EGS in a naturally fractured rock mass, repeated pressurizing-depressurizing of the reservoir may not be a solution. In such case, as shown in Fig. 13 , increasing the injection pressure continuously but slowly may result in more optimized heat exchanger. Fig. 23 shows temporal changes of the two principal stresses ( and ) monitored within 320 m radius area around the injection point in the (a) intact and (b) fractured reservoirs subjected to the pressure controlled cyclic 5 MPa residual injection. For monitoring the stresses, we used the measurement circle approach in PFC 2D which keeps track of the areal averaged stress components ( , , , ) and converts to and . The area for stress monitoring is 0.32 km 2 (8% of the total area, 4 km 2 ). In situ stresses ( , ) are indicated by a dot. The amount of principal stress changes (∆ , ∆ ) occurring in the intact reservoir (Fig. 23a) and the fractured reservoir (Fig. 23b) from the beginning to the final state (ca. 60 h) are (7 MPa, 8 MPa) and (10 MPa, 17 MPa), respectively. For In the intact reservoir, the initial anisotropic stress state (at 0 h, / = 1.28) is less deteriorated during the pre-shut-in period. The ratio / becomes even higher (1.30) at the time of shut-in which leads to more anisotropic fracture propagation pattern during the post-shut-in period.
In the fractured reservoir, the principal stresses significantly change during the pre-shut-in period, whereas the amount of stress changes in the intact reservoir is minor. This is due to the pre-existing joints with low strength which can easily fail and slide during the repeated pressurizing-depressurizing. As a result, the ratio / changes to 1.08 (at 20.67 h) from 1.27, which means that the stress state in the 0.32 km 2 area around the injection point became more isotropic. This is why the aspect ratio of the induced event cloud made during the stimulation is small (Fig. 13a) . The ratio / increases to 1.36 (at 21.53 h) during the last residual 5 MPa period which leads to two event clouds (clusters of blue events in Fig. 13a) . The ratio / then decays to 1.2 (at 58.3 h) which is less than the starting ratio (1.27). Less anisotropic stress state ( / = 1.2) resulted in two event clouds (red-orange events in Fig. 13b ). However, their locations are left and right tips of the main cloud, although the far-field maximum in situ stress is still 75 MPa in NS. The reason for this might be that the stress state in the 0.32 km 2 area around the injection point has been severely changed during the pre-shut-in period and the local maximum principal stress direction has changed from NS to EW during the post-shut-in period.
The difference between the cyclic 5 MPa residual and 35 MPa residual scenarios is that the amount of pressure difference applied to the injection point is larger in case of cyclic 5 MPa residual injection. This represents a case where a material is subjected to high amplitude fatigue loading. After the reservoir is subjected to cyclic 5 MPa residual injection (analogous to high amplitude fatigue loading), the stress state at the injection point area becomes more anisotropic (Fig. 23a , where the / changes from 1.28 to 1.3).
We interpret that the cyclic 5 MPa residual injection (high amplitude fatigue loading) has changed the stress state to a more favorable for anisotropic and long fracturing pattern. The cyclic 35 MPa residual injection represents, on the other hand, a case where a material is subjected to low amplitude fatigue loading, which is not strong enough to weaken the reservoir as much as it does in the cyclic 5 MPa residual injection. However, this trend (long and anisotropic fracturing after high amplitude fatigue injection) becomes obscure, when ) applied to the fractured model. This is due to the presence of joints which consume the input energy by frictional slipping. The fatigue pressurizing at the injection point somehow expands the reservoir volume and results in slip of the preexisting joints, where the given energy is dissipated by the frictional sliding. The effect of high and low amplitude fatigue loading becomes less significant, not as much as it was when applied to the intact reservoirs.
In all fractured reservoirs, compared to the intact reservoirs (Figs. 7-9 ), large number of events is induced (far) ahead of the 0.1 MPa fluid pressure contour (fore front induced events, FFIE) (Figs. 12-15) . Occurrence of such FFIE may not be well explained by the effective stress law where the Mohr circles are translated leftward with the amount equivalent to the increased fluid pressure. Such FFIE are induced because of the expanded volume of rock mass by fluid injection resulted in sliding and re-activation of the pre-existing joints even at far distance away from the injection point.
In case of pulse type injection, occurrence of the FFIE is more pronounced as the reservoir is subjected to rapid fluid injection, i.e. reaches 250 MPa within 10 min, which serves similar to a dynamic loading. This is due to the elastic wave generated by the pulse pressurizing at the injection point that travels faster than the speed of fluid migration. More FFIE are observed in the fractured reservoir (Fig. 17b ) compared to the intact reservoir (Fig. 17a) . Table 3 summarizes the overall shape of the induced event clouds resulting from ten injection scenarios on the intact and the fractured reservoirs simulated with the pressure controlled and flow rate controlled injections. In case of intact reservoir under pressure controlled injection, the shapes of the induced event clouds are all thin and linear. For the fractured reservoir, the shapes of the induced event clouds are broader and areal. When the fractured reservoir is simulated with flow rate controlled, the shapes of the induced event clouds are broad and areal. This is due to the fact that the fluid pressure is changing drastically during the stimulation, as the controlling factor is the flow rate and not the fluid pressure. Fractal dimensioning of the event clouds can provide more quantitative results.
For each scenario, we provided source mechanisms for the three largest magnitude induced events. Depending on the R value of the moment tensor for an event (Section 2.4), the source mechanism is classified into three types: tensile, shear and implosion. When 30% the event is tensile source, when 30% 30% the event is shear source, when 30% the event is implosion source. Seismic information of the three largest events is provided in Table 2 , which include moment magnitude , value, source mechanisms and period (pre-or post-shut-in) when the event is induced. From seismological point of view, it is usually believed that a large magnitude event is double-couple (shear) source mechanism. However, our modeling showed that the large magnitude events induced by fluid injection do not always show double-couple character. This finding is in line with field observations made at several EGS sites, where many large magnitude induced events are with non-double-couple focal mechanisms, e.g. in the geothermal field of Larderello in Italy (Console and Rosini, 1998) and The Geysers geothermal area in California, USA (Ross et al., 1996) and Carthage Cotton valley gas field in Texas, USA (Sileny et al., 2009) , to name a few.
Fracture propagation patterns in the fractured reservoir under flow rate controlled injection differ significantly (Figs. 19 and 21) . Cyclic injection produced uni-directional fracture growth (during 0-4 h) followed by multi-directional fracture growth in three directions consequently resulting in "Y" shape with longer and thinner fracture propagation pattern. This is due to the repeated loading-unloading which allows more adaptation time to the reservoir to decide the optimized fracture propagation direction for the loading that follows after . However, in case of sequentially increasing flow rate injection, the induced event cloud is more areal and broader. This is due to relatively short adaptation time to decide which direction is the optimum fracture growth path that minimizes the consumption of the input energy.
A similar observation for the size of the damaged zone was found in laboratory experiments (confined asymmetric triaxial compression testing) on granite under displacement rate and acoustic emission rate controlled loading (Zang et al., 1998 (Zang et al., , 2000 (Zang et al., , 2002 . Comparing the two rupture paths in deformed granite sample tested by (a) acoustic emission rate controlled (slow) loading and (b) displacement rate controlled (faster) loading, acoustic emission rate controlled loading produced clean and thinner fracture compared to the rupture path generated by the displacement rate controlled loading. In acoustic emission rate controlled loading, the fracture tip has more adaptation time to find the optimum propagation path, minimizing the consumption of input energy, resulting in narrower damaged zone.
It can be argued that our 2D model approach may not be appropriate as the induced seismicity in EGS is 4D problem (seismicity cloud evolving in 3D space with time). Moreover, the vertical in situ stress plays a significant role in reality, which is excluded in the 2D modeling. 3D modeling is needed Fig. 21a and b) X: not modeled.
in this context and some advances are being made. However, objectives of this numerical study are to examine if the presented numerical method, though it is 2D, is capable of (i) reproducing typically observed induced seismicity phenomena in EGS, e.g. creation of new fractures, re-activation of the preexisting joints, post-shut-in seismicity, post-shut-in large magnitude event, non-double-couple source events, Kaiser effect, moment magnitude vs. frequency distribution of the induced events following the Gutenberg-Richter law, etc. and (ii) providing insights for how one should design a stimulation treatment for a geothermal reservoir to mitigate the effects of induced seismicity and at the same time optimize the EGS for more efficient heat exchangers.
As the results are dependent on the particle arrangement and resolution (particle size), it is recommended to run a few more simulations with same model parameters and same initial/boundary conditions but with different particle arrangements. By doing this, more general results can be obtained. In PFC modeling, the particles are circular and rigid bodies with a finite mass. The assumption of particle circularity and rigidity are often argued as limitations of the method when the PFC is applied to simulate rock strength and damage under uniaxial and triaxial compression. Stress-strain curves of rock samples under uniaxial/triaxial compression often exhibit curvatures at early stage of loading, which is due to combination of closing of pre-existing cracks lying perpendicular to major principal stress and grain deformation itself (Yoon, 2007) . Also, the ratio of compressive to tensile (direct or indirect) strength of the PFC rock model is far lower (4-5) than what is typically observed in laboratory rock testing of granite (10-20) (Yoon, 2007; Yoon et al., 2011) . The particle circularity and rigidity are the main cause of the discrepancy. There are numerous approaches tried to solve these issues, for example, by particle clumping (Cho et al., 2007; Yoon et al., 2011 Yoon et al., , 2012 and grain-based modeling (Potyondy, 2010) . However, as these issues are problematic when the PFC modeling is applied to small scale rock deformation modeling, the assumption of particle circularity and rigidity remain reasonable when movements along interfaces account for most of the deformation in a material (Potyondy and Cundall, 2004) , as it is in this study.
Last issue is whether poro-elastic and thermo-elastic effects are considered in this numerical modeling. A 3D modeling study by Ghassemi and Zhou (2011) which takes into account thermo-poro-elasticity showed that a fracture response to fluid injection/extraction in EGS is largely influenced by the poro-elastic effect in the early stage of injection, whereas thermo-elastic effect becomes dominant for large injection time. Many other studies have shown that thermal effect, i.e. cold water injection into hot rock, is significant on crack aperture opening and fracture slippage and potentially on reservoir seismicity (Ghassemi et al., 2007 (Ghassemi et al., , 2008 Zhou and Ghassemi, 2011) .
In this numerical study, thermo-elastic/-plastic effects are not taken into account. Incorporating thermal effect on rock mass and fracture deformation and injection fluid rheology, e.g. density and viscosity change, etc. are issues of ongoing studies. In terms of poro-elastic effect, it can be argued that the presented modeling has poro-elasto-plasticity nature. The fluid pressure in the void spaces surrounded by the particles (Fig. 2) exerts forces on the particles. Therefore, the net stress acting at the particle contacts is reduced by the amount of fluid pressure contained at a void space. By doing this, the law of effective stress, hence poro-elastic effect, is incorporated but in in-direct way. As this modeling study aims at simulation of hydraulic stimulation where the poro-elastic effect should be dominant in the early stage of fluid injection , incapability of modeling thermo-elastic/-plastic effect would not have significant influence on the overall modeling results. However, as pointed out by Ghassemi and Zhou (2011) and Ghassemi et al. (2007 Ghassemi et al. ( , 2008 , future modeling approaches should be aimed at incorporating thermo-elastic/-plastic effects to be applied to, in particular, long term EGS modeling (stimulation, circulation and extraction).
Conclusions
This numerical study investigated hydraulic fracturing of a synthetic geothermal reservoirs with granitic properties for intact rock and pre-existing joints and the resulting pattern of the induced event cloud using a hydro-mechanical coupled discrete particles joints model. By testing various types of fluid injection scenarios in intact and fractured reservoirs, following conclusions are drawn and a few suggestions are made for further research.
(1) Intact reservoir stimulated by cyclic fluid injection showed the largest extent of fracture propagation. Such repeated pressurizing-depressurizing at the injection point may play a significant role in optimizing an EGS when the reservoir is relatively intact or with low density and low persistent joints. (2) Fractured reservoir stimulated by monotonic and cyclic increase of injection pressure showed occurrence of postshut-in larger magnitude events and Kaiser effect which are typically observed phenomena in EGS. These results demonstrate that the presented numerical model well captures the induced seismicity related phenomena in EGS. (3) For optimized stimulation of a naturally fractured reservoir, unlike in the intact reservoir, cycling the injection pressure may not be effective and the pressure difference between the maximum and minimum levels should be designed carefully. Also, speed and duration of the pressure relaxation between the cycles also play significant roles. Such behaviors could be explained by the fatigue loading in material science. (4) Similarity of the numerical results to the field observations is achieved in case of flow rate controlled fluid injection. The results showed that soft stimulation technique, i.e. cyclic increase of flow rate with low injection rate maintained between the cycles, produces longer fracture propagated length with largest magnitude events confined within the pre-shut-in period. It is recommended to conduct a full parametric study on the injection parameters for cyclic injection, e.g. number of cycles, durations and rates of a single cycle, rate increment and interval time for the subsequent cycles, etc. (5) Comparing the two flow rate controlled injection scenarios, it shows that the cyclic injection results in larger volume of injected fluid, less number of total events and larger magnitude events, slower relaxation of the fluid pressure after shut-in, longer and thinner propagated fractures. The results imply that the cyclic stimulation treatment shows potential in mitigating the effects of larger magnitude events. However, how much the reservoir permeability can be enhanced should be further investigated, and advances are being made regarding this issue. (6) Pulse type fluid injection is simulated and showed isotropic fracture propagation pattern and significantly large magnitude events. This finding indicates that pulse type fluid injection may not be a good choice for a stimulation strategy for both intact and naturally fractured reservoirs.
